T he thymus is the exclusive site of differentiation for mainstream ␣␤T cells that are required for virtually all adaptive immune responses. The complexity of T cell differentiation is reflected in the heterogeneity of specialized thymic microenvironments, which are formed through "cross-talk" between thymocytes and thymic stromal cells (1) (2) (3) . The stromal compartment includes populations of epithelium, fibroblasts, endothelium, macrophages, and dendritic cells, each of which has distinct roles in T cell development (reviewed in Ref. 4) .
The diversity of the cellular and molecular components of thymic stroma has been demonstrated by panels of mAbs specific for a variety of stromal cell Ags (for example, Ref. 5). These reagents have been useful in defining the heterogeneity of thymic stromal cells, in particular the epithelium. To date, none of these Abs recognize surface determinants expressed specifically by thymic mesenchymal fibroblasts; consequently, our knowledge of this population's function is minimal.
A role for thymic fibroblasts in the direct support of thymocyte differentiation beyond the triple negative (TN 4 ; CD3
ϩ stage (TN2) has been demonstrated via their provision of extracellular matrix components (6) . More recently, the mesenchyme was found to be essential for thymic epithelial cell (TEC) proliferation during embryogenesis through the production of fibroblast growth factors (FGFs) 7 and 10 (7). Whether fibroblasts have a similar role in the adult thymus through the provision of FGFs or other cytokines remains to be determined.
Although a deficiency of FGF-7 allows normal thymic development and function, FGF-7 knockout mice exhibit impaired thymic regeneration in irradiation and chemotherapy models (8) . Reciprocal bone marrow chimera experiments demonstrate that expression of FGF-7 by radioresistant cells is required for normal thymic recovery, most likely a subset of stromal cells (8) . The precise definition of this stromal source of FGF-7 and the roles of other growth factors in thymic regeneration are of interest given that the speed of thymic recovery following radiation or chemically induced atrophy is clinically important (9) .
Within the mouse thymic stromal (MTS) panel of Abs developed in our laboratory (10) , MTS-15 was distinguished by a unique, restricted expression pattern at the blood/thymus barrier. This study explores in detail the expression profile and molecular characteristics of the MTS-15 Ag on thymic fibroblasts. This marker enabled the dissection of the stromal cellular and molecular events following cyclophosphamide treatment, revealing an important role for the mesenchyme in thymic regeneration.
Materials and Methods

Animals
C57BL/6 mice were used throughout this study for organs and cells at the ages indicated. Mice were bred and maintained by the Monash University Central Animal Services (Clayton, Australia) or the Alfred Medical Research and Education Precinct Animal Centre (Melbourne, Australia) and used according to institutional guidelines. Cyclophosphamide-treated mice were injected i.p. with Cycloblastin (Pharmacia) at a dose of 100 mg/kg body weight for two consecutive days (Ϫ1 and 0) for a total dose of 200 mg/kg.
Antibodies and immunoconjugates
The ER-TR-7 and M1/87 clones (gifts from K. Shortman, Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia) MTS-15 and MTS-12 (anti-CD31; our unpublished observations) were grown in our laboratory and the supernatants were used for these studies. Counterstains for FACS and immunohistology were FITC-conjugated anti-CD45.2 (clone 104; BD Pharmingen), PE conjugated anti-I-A/I-E (clone M5/114.15.2; BD Pharmingen), biotinylated anti-Ly51 (clone 6C3; BD Pharmingen), allophycocyanin-conjugated anti-CD8 (clone 53-6.7; BD Pharmingen), PE-conjugated anti-CD4 (clone RM 4-5; BD Pharmingen), PE-conjugated anti-CD45RA/B220 (clone RA3-6B2, BD Pharmingen), FITC-conjugated anti-TCR␤ (clone H57-597), PE-conjugated antiSca-1 (clone E13-161.7; BD Pharmingen), allophycocyanin-conjugated anti-Thy 1.2 (clone 53-2.3; BD Pharmingen), and anti-keratin (wide screen) (DakoCytomation). Biotinylated and unconjugated Abs were detected with the secondary reagents CyChrome-conjugated streptavidin (BD Pharmingen), FITC-conjugated goat anti-rat Ig (Silenus Laboratories), Cy5-conjugated anti-rabbit IgG (Amersham Biosciences), and Cy3-conjugated anti-rat IgG (Amersham Biosciences). An HRPconjugated anti-rat Ig (Caltag Laboratories) was used as a secondary Ab on immunoblots.
Immunohistology and confocal microscopy
Immunohistology was performed as described previously (11) . Briefly, sections (12-14 m) were cut on a Tissue-Tek II cryostat (Miles Scientific) at Ϫ25 o C and mounted on microscope slides. These were fixed in Ϫ20 o C acetone for 30 s and air dried. Sections were then incubated with 30 l of primary mAb for 15 min in a moist box at room temperature, followed by washing three times in PBS for 5 min each. Secondary Abs (30 l) were then applied, incubated for 15 min, and washed from the slides. For threecolor immunofluorescence, 10 l of 10%(v/v) normal rat serum was added to sections for 5 min at room temperature to block any remaining reactive sites of the secondary reagents, followed by the addition of biotinylated and direct conjugates. After incubation and washing, streptavidin conjugates were incubated and washed before mounting with fluorescent mounting medium (DakoCytomation) using coverslips.
Digital images were acquired on a Bio-Rad MRC 1024 confocal microscope mounted on a Nikon E600 upright epifluorescence microscope through ϫ10 or ϫ20 objective lenses with a three-line krypton/argon laser (excitation lines 488, 568, and 647 nm) using the acquisition software Bio-Rad LaserSharp version 3.2. Files were analyzed using LaserSharp processing software and scale bars were added in Adobe Photoshop version 6.0.
Flow cytometry
Lymphoid cell suspensions were prepared by gently grinding organs between two frosted glass slides with cold FACS buffer (PBS, 1% FCS, and 0.02% (w/v) NaN 3 ). Thymic stromal cells were isolated and enriched by collagenase/DNase or dispase/DNase digestion as described previously (11) . The final digests were pooled for staining and flow cytometric analysis. Lung stroma and mesenchymal cells were isolated from pools of 3-4 adult lungs. These were minced with scissors and then treated with 0.3% (w/v) collagenase and.1% (w/v) DNase (Boehringer Mannheim) in RPMI 1640 for 40 min at 37°C with agitation. After the filtration of debris and RBC lysis in 0.83% (w/v) ammonium chloride for 1 min, cells were stained as described below. Thymic and lung stromal populations were gated on the phenotypes in Table I . Cells (3.0 ϫ 10 6 ) were washed and stained with 30 l of primary Ab for 20 min at 4°C. Following washing in FACS buffer, secondary Abs were applied for 20 min and then washed. The remaining reactive sites on the secondary reagents were blocked with 10 l of 10% (v/v) normal rat serum in FACS buffer for 5 min before biotinylated and direct conjugates were added, incubated, and washed, followed by streptavidin conjugates. Cells were then washed and resuspended in 200 l of FACS buffer for acquisition. Sample data from 2 ϫ 10 5 lymphocytes or 1 ϫ 10 4 stromal cells were acquired on a FACScalibur (BD Biosciences) using up to four fluorescent channels. Analysis was performed using CellQuest software (BD Biosciences). A Fc receptor block (clone 2.4G2 supernatant) was used before Ab staining where appropriate.
Stromal cell sorting was performed on a FACStar Plus cell sorter (BD Biosciences) at no faster than 2.0 ϫ 10 3 cells per second. Samples were collected in 30% (v/v) FCS in RPMI 1640, recovered by centrifugation and counted, and a sample was analyzed for purity. Populations were sorted to at least 95% purity gated on the same parameters used for sorting.
Reverse transcriptase PCR analysis and quantitative PCR
FACS-purified cells were washed and resuspended in TRI Reagent (Molecular Research Center). Total RNA was recovered using 1-bromo-3-chloropropane (BCP) phase separation reagent (Molecular Research Center) according to manufacturer's instructions. RNA was reverse transcribed using Superscript II (Invitrogen Life Technologies) and oligo(dT) oligonucleotides (Invitrogen Life Technologies) were incubated at 42°C for 50 min and then inactivated at 70°C for 10 min. PCR was performed with Taq polymerase (Promega) at an annealing temperature of 56°C (28 or 32 cycles for all chemokines, stem cell factor (SCF), and IL-6; 32 or 35 cycles for IL-7 and FGFs; 35 cycles for hypoxanthine phosphoribosyltransferase) using appropriate primers.
Quantitative PCR was performed on a Corbett Rotor-Gene 3000 (Corbett Research) in 10-l reactions using SYBR Green Supermix (Invitrogen Life Technologies) and each primer (200 nM). The primer sequences (forward then reverse) used were as follows: GAPDH, 5Ј-ACCATGTAGTT GAGGTCAATGAAGG-3Ј and 5Ј-GGTGAAGGTCGGTGTGAACG-3Ј; SCF, 5Ј-AGGAATGACAGCAGTAGCAG-3Ј and 5Ј-CAATTACAAGCG AAATGAGAGC-3Ј; IL-6, 5Ј-TGTATGAACAACGATGATGCACTT-3Ј and 5Ј-ACTCTGGCTTTGTCTTTCTTGTTATCT-3Ј; CXCL12, 5Ј-GCTC TGCATCAGTGACGGTACXCL12-3Ј and 5Ј-GCTCTGCATCAGTGAC GGTA-3Ј; IL-7, 5Ј-GGGAGTGATTATGGGTGGTGAG-3Ј and 5Ј-TGC GGGAGGTGGGTGTAG-3Ј; keratinocyte growth factor, 5Ј-GCGCAAA TGGATACTGACACG-3Ј and 5Ј-GGGCTGGAACAGTTCACACT-3Ј; and FGF10, 5Ј-GACCAAGAATGAAGACTGTCCG-3Ј and 5Ј-TACAGT CTTCAGTGAGGATACC-3Ј. After initial holds for 2 min at 50°C followed by 10 min at 95°C, the cDNA was amplified for 40 cycles at 95°C for 15 s and 60°C for 60 s. Target mRNA levels relative to those of GAPDH were determined using the 2 Ϫ⌬C(T) method (12) . 
Cell culture
MTS-15 Ag purification
Mouse intestinal cell membrane preparation (4 ml) was extracted using 15 ml of chloroform and methanol (1:2; v/v) with intermittent sonication for 3 h at room temperature and the extract was recovered by centrifugation. The pellet was further extracted with 5 ml of chloroform, methanol, and water (1:2:0.8; v/v) with sonication for 1.5 h at room temperature and centrifugation. Water was added to the supernatants to give a final chloroform, methanol, and water ratio of 1:2:1.4 (v/v) and then the two phases were allowed to separate overnight at 4°C. The chloroform phase was dried under N 2 and resuspended in 500 l of chloroform and methanol (1:1; v/v). An aliquot (100 l) was applied over 17 cm of a silica gel 60 aluminumbacked high performance TLC (HPTLC) plate (Merck) and developed for 10 cm in chloroform, methanol, 1 M ammonium acetate, 13 M ammonium hydroxide, and water (180:140:9:9:23 v/v). Silica bands of 2.5 mm were scraped and glycolipids were extracted with chloroform, methanol, and water (1:2:0.8; v/v). Antigenic activity was identified by reanalyzing each fraction by HPTLC and immunoblotting with MTS-15 (see below). A duplicate HPTLC plate was stained with orcinol/sulfuric acid reagent (3 min at 80°C) for the detection of carbohydrates.
HPTLC immunoblot analysis
Chromatographed HPTLC plates were air dried and plastic coated with 0.1% (w/v) polyisobutylmethacrylate in n-hexane. Coated plates were dried and blocked in 5% (w/v) powdered skim milk in PBS and 0.02% (v/v) Tween 20 for 1 h at room temperature. Plates were probed with MTS-15 supernatant for 1 h followed by anti-rat Ig HRP-conjugated Ab (DakoCytomation) in 5% (w/v) milk in PBS and 0.02% (v/v) Tween 20 for 1 h. Blots were developed using the ECL Western detection system (Amersham Biosciences).
Gas chromatographic mass spectrometry compositional analysis
HPTLC-purified MTS-15 Ag was subjected to methanolysis in 0.5 M methanolic HCl (50 l) for 16 h at 80°C (13) . The mixture was neutralized with pyridine (10 l), sugars re-N-acetylated by the addition of acetic anhydride (10 l for 10 min at room temperature), and dried under vacuum. The released monosaccharides were derivatized in 15 l of pyridine, hexamethyldisilazane, and trimethylchlorosilane (9:3:1; v/v) for 20 min at room temperature and the solvent was dried under N 2 . The trimethylsilyl derivatives were resuspended in 50 l of n-hexane and detected by gas chromatography mass spectrometry in a Hewlett Packard GC system 6890 series/mass selective detector 5973 using a HP1 (Hewlett Packard) capillary column.
MALDI-TOF-MS analysis
HPTLC-purified MTS-15 Ag in 50% 1-propanol (0.3 ϳ 1 g/l) was analyzed by MALDI-TOF/mass spectrometry on a Voyager-DE STR Perspective Biosystem (PE Biosystems) in the positive ion/reflector mode. Saturated ␣-cyano-4-hydrocinnamic acid in 60% 1-propanol (0.3 l) was used as the matrix and GM1 was used as a standard.
Chemical and enzymatic treatments
Partial acid hydrolysis of the MTS-15 Ag was performed in 0.1 M trifluoroacetic acid (100 l) for 2 h at 100 o C. The sample was dried under vacuum and residual trifluoroacetic acid removed by evaporating with toluene (2 ϫ 20 l). Mild base hydrolysis was conducted in 0.1 M methanolic-sodium hydroxide (50 l) for 2 h at 37°C. The samples were neutralized with 1 M acetic acid and then subjected to 1-butanol/water partitioning. The 1-butanol phase containing the glycolipids was dried under vacuum. Endoglycoceramidase II (EGCase II; 1mU/l; Calbiochem) digestions were performed in 20 mM sodium acetate (pH 5.0) for 16 h at 30°C. Lipidic digestion products were recovered by 1-butanol and water partitioning and the 1-butanol phase was dried under vacuum. Chemical and enzymatic treatment products were resuspended in 50% 1-propanol (10 l), resolved by HPTLC, and detected by orcinol and MTS-15 staining.
Results
Thymic distribution of MTS-15
Immunohistological analysis of adult mouse thymus sections with MTS-15 revealed specific staining of stromal cells lining the subcapsule and large blood vessels of the corticomedullary junction (Fig. 1, A and B) . At high power, MTS-15 staining appeared granular and exhibited apparent diffusion around cells adjacent to areas of high expression (Fig. 1B) . Compared with markers of thymic epithelium (anti-keratin) and vasculature (anti-CD31), MTS-15 reactivity colocalized with some endothelia and pericytes, but not epithelial structures (Fig. 1B) . Colocalization with the fibroblast marker ER-TR-7 (14) at the subcapsule, trabeculae, and near vasculature suggests the MTS-15 Ag is expressed by fibroblasts in these areas (Fig. 1C) .
These findings were supported by flow cytometric analysis of freshly isolated thymic stromal cell preparations. MTS-15 surface staining of CD45
Ϫ MHC II Ϫ stromal cells confirmed the expression of the Ag on nonepithelial cells (Fig. 1D ) that could first be ϩ stromal cells also expressed the cortical epithelium marker Ly51 (Fig. 1D) ; these cells may correspond to the proposed "cortical mesenchyme" population observed in a previous study (48) .
An overnight culture of MTS-15 ϩ CD31 Ϫ/low sorted thymic stromal cells showed the typical spindle morphology of adherent fibroblasts grown as a monolayer (data not shown). Together, these data show that MTS-15 is a cell surface marker of a subset of thymic fibroblasts that mostly line the subcapsule and perivascular spaces and of a subset of MHC II low thymic endothelial cells.
Tissue distribution of MTS-15
Whether MTS-15 stained similar cells in other tissues was examined by immunohistology (Table II) . The spleen exhibited an MTS-15 distribution similar to that of the thymus. A strong association of MTS-15 with splenic vasculature was observed with prominent staining of the red pulp and around the central arterioles ( Fig. 2A) . The extension of this granular reactivity around cells adjacent to the central arterioles resembled the pattern observed around the thymic endothelium, suggesting shedding or diffusion from areas adjacent to leukocytes ( Fig. 2A) . The distribution pattern observed in lymphoid tissues contrasted with that found in the gastrointestinal tract and in female reproductive organs. Broad, intense MTS-15 staining of the connective tissue areas of the intestine showed no clear association with the vasculature (Fig. 2B) . A comparison of this reactivity with CD45 and keratin demonstrated colocalization with MTS-15 on some intestinal leukocytes but not the epithelium (Fig. 2B) .
Analysis of MTS-15 reactivity throughout embryogenesis demonstrated the earliest staining at E14 on scattered cells along the middle part of the central midbrain. This association with central nervous tissue continued throughout late embryogenesis (Fig. 2F) and was still evident at the blood-brain barrier in the adult (data not shown). At E15, reactivity was also detected in some cells of the umbilical hernia; however, only by E16 was connective tissue staining apparent in the esophagus (Fig. 2, C and E) . At E16, intense MTS-15 staining was exhibited in scattered cells below the epithelial layers of the skin and other tissues (Fig. 2D) . MTS-15 expression was first observed in the connective tissue of the small intestine at E17 and persisted thereon (Table II) .
Passive acquisition of the MTS-15 Ag by leukocytes
The surface expression of the MTS-15 Ag on thymic fibroblasts coupled with the shedding apparent by immunohistology prompted flow cytometric analysis of thymocytes. Almost 20% of the thymocytes bore the Ag on their surface at low levels (Fig. 3A) . The MTS-15 Ag was predominantly found on immature double negative (16%) and double positive (19%) cells, while mature CD4 and CD8 single positive thymocytes were almost negative (6 and 5% respectively) (Fig. 3B) . MTS-15 staining was similar in all triple negative subsets distinguished by CD44 and CD25 staining (data not shown). The determinant was undetectable on recent thymic emigrants in the spleen assessed 24 h following intrathymic FITC injection (data not shown).
Low levels of MTS-15 staining were also detected on leukocyte subsets from the spleen and lymph nodes, but not the blood (Fig.  3A) . MTS-15 labeling of splenocytes distinguished three populations with high levels of staining observed on half of all nonlymphoid splenocytes (predominantly macrophages, granulocytes, and dendritic cells) (Fig. 3C) . Almost 70% of splenic B-cells were MTS-15 low/high , while MTS-15 staining of splenic T cells resembled that of total thymocytes (Fig. 3C ). Lymph node leukocytes exhibited similar staining intensity to that of thymocytes (Fig. 3A) .
This tissue-dependent, differential staining of lymphocytes with MTS-15 prompted an investigation into the possible transfer of this Ag from stromal cells to lymphocytes. (Fig. 3D) . It was found that after 1 day of coculture with MTE-1D cells PBLs acquired low levels of the MTS-15 Ag on their surface, whereas PBLs cocultured with 3B6 cells remained negative (Fig. 3D and data not shown). With respect to lymphocytes, a higher proportion of B cells acquired or retained the Ag over time (from 12 to 27%), while only few T cells became MTS-15 positive (from 8 to 7%) (Fig. 3D) .
This transfer of the MTS-15 Ag between cells could reflect either the interaction of a soluble Ag with a surface receptor or the 
Biochemical characterization of the Ag bound by MTS-15
MTS-15 immunoblots of membrane preparations from various tissues run using tricine SDS-PAGE consistently revealed activity near the dye front, suggesting that the species had an extremely low molecular mass (4 -5 kDa), a high intrinsic negative charge, or was insoluble in SDS (data not shown). To address the latter issue, ultracentrifugal fractionation of antigenic activity from membrane preparations solubilized in various detergents was assayed using dot blots. These experiments indicated that the molecule detected by MTS-15 was extremely hydrophobic because nearly all of the activity was consistently detected in the insoluble pellets of all detergents tested, including SDS (data not shown). In addition, the antigenic activity was resistant to proteinase K treatment (data not shown). Together, these data indicated biochemistry consistent with a glycolipid. To further investigate this possibility, total lipid extracts of intestinal or kidney membrane fractions were analyzed by HPTLC and probed with MTS-15. A single orcinol-reactive band was recognized by the mAb in both the crude mixture and after extensive purification by TLC (Fig. 4, A and B) . Resistance of the determinant to mild base hydrolysis suggested that the Ag contained a ceramide group (i.e., a glycosphingolipid) (Fig. 4A) . It was however also resistant to EGCase II, a lipase that hydrolyzes many sphingolipids except those belonging to the globo-glycosphingolipid family (Fig. 4B) (16) .
Gas chromatographic mass spectrometry compositional analysis of this species revealed stoichiometric amounts of N-acetylgalactosamine (GalNAc), galactose (Gal), and glucose (Glc), also characteristic of a globo-glycosphingolipid. This was further supported by MALDI-TOF analysis of the underivatized band that revealed a cluster of putative [MϩH] ϩ molecular ions m/z values of 1453.8, 1481.8, 1509.8, 1537.8, and 1565.8 (Fig. 4C) . Together with the compositional data, this information is consistent with the MTS-15 Ag having the glycan head group HexNAc 2 Hex 3 and a heterogeneous ceramide moiety.
A second cluster of ions was observed between m/z 1250.6 and 1334.7, corresponding to the putative MTS-15 Ag minus a HexNAc residue (Fig. 4C) . Because a similar loss was observed with a standard glycosphingolipid, GM1, these data suggest that the MTS-15 Ag is capped with a GalNAc. Together with the finding that the purified glycolipid was completely resistant to ␣-and ␤-galactosidase digestion (data not shown), the Ag detected by MTS-15 is likely to correspond to the globo-glycosphingolipid GalNAc 2 Gal 2 GlcCer. This structure forms the Forssman antigenic determinant (17) . Staining of thymic stromal cells with MTS-15 and the Forssman mAb M1/87 (18) showed costaining of the same populations at similar intensities (Fig. 4C) ; preincubation of one before the other did not block the reactivity of either (data not shown). This suggests they detect different epitopes of the same molecule, supporting the biochemical data.
To determine whether the terminal GalNAc is a major determinant for binding of the MTS-15 Ab, the purified glycolipid was subjected to partial acid hydrolysis and reanalyzed by HPTLC. This treatment generated a number of additional glycolipid species with faster HPTLC mobility, consistent with the loss of one or more sugars (data not shown). However, none of these glycolipids was recognized by MTS-15, suggesting that the terminal GalNAc was essential for Ab recognition, a characteristic of Forssmanspecific mAbs (19). 
Transcription profile of MTS-15 ϩ thymic fibroblasts
To assess whether the MTS-15 Ag has a direct role in T cell development, deoxyguanosine-treated fetal thymic organ cultures reconstituted with precursors were cultured for 6 days in the presence of saturating amounts of MTS-15 or an irrelevant Ab. Both cultures exhibited normal T cell development, indicating the Ag did not have a direct role in T cell progenitor recruitment or development (data not shown). Nevertheless, MTS-15 serves as a unique and specific marker for thymic fibroblasts. We therefore investigated further the probable functions of MTS-15 ϩ fibroblasts within the thymic microenvironment by FACS purification of this and other stromal cell subsets for RT-PCR of various growth factors and chemokines. The major thymic stromal and lymphoid populations were analyzed separately (Fig. 5A ) and then the epithelial and nonepithelial subsets (Fig. 5B) with cycle numbers titrated to highlight differences at each level (therefore, transcript levels in Fig. 5A should not be compared with those in Fig. 5B ). The nonepithelial stromal component was composed of endothelial 
cells and MTS-15
ϩ fibroblasts (11) . These cells collectively produced significant levels of SCF (Fig. 5A) , a cytokine important to the proliferation of early thymocytes (20) . The low TEC transcript for this cytokine was predominantly derived from cortical TECs (cTECs) (Fig. 5B) . These trends in SCF expression were confirmed by quantitative PCR, which showed that non-TEC produced 6-fold more transcript than TEC and, at the subpopulation level, fibroblasts and endothelium produced 3-fold more transcript than the cTEC (Fig. 5D) . Similarly, a high signal for IL-6 was obtained in non-TECs comprising mRNA from MTS-15 ϩ and the endothelium (Fig. 5, A, B, and D) . The low levels of IL-6 transcription by whole TECs were derived mainly from the cTEC and medullary TEC low (mTEC low ) subsets (Fig. 5, A, B, and D) . By contrast, IL-7 was mainly expressed by cTECs and the MHC II low subset of mTECs while MTS-15 ϩ fibroblasts contributed to the low non-TEC expression of this cytokine (Fig. 5, A and B) . In agreement with Ueno et al. (21) , the mTEC subsets expressed high levels of CCL19 (ELC) and CCL21 (SLC) transcripts, although cTEC, MTS-15 ϩ , and CD31 ϩ cells also contained these transcripts (Fig. 5, A and B) . CXCL12 (SDF-1) mRNA was detected predominantly in nonepithelial stromal cells (Fig. 5, A and  D) , although as a subset cTECs expressed higher levels than fibroblasts or the endothelium (Fig. 5, B and D) . Conversely, non-TEC produce almost no CCL25 (TECK) transcript, with cTEC and mTEC high composing the main CCL25-producing cell types (Fig.  5, A and B) . CXCL13 (BLC) mRNA was undetectable in the thymic populations assayed here (Fig. 5, A and B) .
Of the stromal cell subsets of the thymus, MTS-15 ϩ fibroblasts were the major producers of FGF-1, FGF-7, and FGF-10 (Fig. 5,  A and B) , all of which bind the FGFR2IIIb expressed by TECs (22) . The FGF bands observed in the TEC subpopulations are unlikely to reflect significant FGF production by these cell types given the comparatively undetectable signals observed in whole TEC (Fig. 5A) .
To gauge whether this transcription profile was unique to thymic MTS-15 ϩ mesenchyme, it was compared with two major lung mesenchymal populations. Lung fibroblasts were purified from whole lung stromal cells (CD45 Ϫ ) by flow cytometry as Sca-1 ϩ CD31
Ϫ (I. Bertoncello, unpublished observations) and further fractionated into MTS-15 ϩ (lung mesenchyme cells, LMC ϩ ) and MTS-15 Ϫ (LMC Ϫ ). MTS-15 staining on Sca-1 ϩ lung mesenchyme was the inverse of Thy-1 expression, thereby distinguishing two main populations of lung fibroblasts (data not shown) (23) . Although the transcription profiles of these two populations were very similar, they were distinct from those of thymic MTS-15 ϩ fibroblasts with low or negligible expression of CCL19, CCL21, IL-7, and FGF-1 (Fig. 5C) . Overall, MTS-15 ϩ thymic fibroblasts exhibited a unique transcription profile compared with thymic and lung stromal subsets, expressing a number of growth factors important to early thymocyte and epithelial cell development.
MTS-15 ϩ fibroblasts in thymic regeneration
The expression of important thymic growth factors by MTS-15 ϩ fibroblasts prompted an examination of their role in thymic atrophy and regeneration. We used a model of chemotherapy-induced thymic involution by cyclophosphamide treatment of young (2-mo-old) mice. In this context, the almost exclusive expression of FGFs within the CD45 Ϫ compartment by MTS-15 ϩ fibroblasts is notable given recent data showing that stromal derived FGF-7 is essential for thymic recovery following thymic damage (8) .
In accordance with previous studies (24) , cyclophosphamide treatment caused a drastic decrease in thymic cellularity within 3 days, predominantly due to the loss of double positive thymocytes (Fig. 6A and data not shown) . A concomitant reduction in CD45 Ϫ stromal cells was reflected in both TEC and MTS-15 ϩ fibroblasts (Fig. 6A) . Thymic regeneration commenced on day 5 and continued, reaching almost normal levels by day 14. Most stromal cell recovery occurred on day 7 with increases in both MTS-15 ϩ fibroblasts and TEC (Fig. 6A) . The full recovery of TEC, however, was not complete by day 14 and may require a longer period.
We next quantified the transcript levels of important thymic growth factors in purified TEC and MTS-15 ϩ fibroblasts (Fig. 6B) . TEC exhibited significant increases in growth factors supporting early thymocyte development (SCF and IL-7) and intrathymic migration (CXCL12, CCL25, and CCL21) (all p Ͻ 0.01; Student's t test). In MTS-15 ϩ fibroblasts the highest increases were observed in the growth factors IL-6, FGF-7 (keratinocyte growth factor), and FGF-10, which support TEC proliferation (7, 25) (Fig. 6B ). These increases subside over time, perhaps reflecting the restoration of thymocyte and TEC numbers upon thymic regeneration (data not shown).
The marked enhancement of IL-6 transcription during chemotherapy-induced thymic involution prompted an evaluation of responsive populations. Thymic DC, fibroblasts, cTECs, and the MHC II low subset of mTECs had detectable transcripts for the components of the IL-6R (Fig. 6C) . Together, these data indicate that both TEC and fibroblasts recover rapidly following cyclophosphamide treatment and enhance the production of growth factors important to early thymocyte development and TEC proliferation. In addition, striking increases in IL-6 expression suggest a role for this pleiotropic cytokine in thymic regeneration following chemotherapy.
Discussion
The Forssman Ag is a pentasaccharide (GalNAc␣1-3GalNAc␤1-3Gal␣1-4Gal␤1-4Glu) covalently attached to ceramide (17) . It is similar to many blood group Ags and others that present a major barrier to xenogeneic organ transplantation. Its function has been difficult to determine, although there is evidence for a role in cell adhesion and polarization (26) . Although human cells have the Ϫ MTS-15 ϩ fibroblasts purified from mice 3 days following cyclophosphamide (Cyclo) treatment were analyzed for transcript levels of the indicated growth factors relative to untreated controls (normalized to 1 for each). Mean Ϯ SE representative from three experiments shown. KGF, Keratinocyte growth factor. C, Transcription of IL-6 receptor components was assessed by RT-PCR in various thymic cell types purified from untreated young mice. TSCs, thymic stromal cells; DC, dendritic cell. means to synthesize the Forssman Ag, it is only expressed in certain mammary and colonic tumors (19, 27) , presenting a potential tumor-specific determinant. In mice it is differentially expressed throughout development and in adult mesenchymal tissues (28, 29) . In addition to the biochemical analysis presented here, the similarities in distribution between MTS-15 and the previously described Forssman-reactive mAbs (30) indicate that the Forssman Ag is the MTS-15 determinant.
Extensive immunohistological analysis revealed distinct staining patterns in lymphoid and nonlymphoid tissues, perhaps reflecting different functions within these sites. A feature of the staining in all organs was a granular reactivity that extended onto cells adjacent to areas of high expression. This may reflect shedding of the Forssman Ag, a process previously described following Ab cross-linking on endothelial cells (31) . In this study we demonstrated that shedding occurred without cross-linking and that the Ag was transferred to peripheral blood leukocytes in a lymphocyte-specific manner in coculture assays. The variable extent of acquisition between B and T cells may reflect the different plasma membrane compositions of these cells (surface receptors, carbohydrates, and/or lipids). Low level staining observed on tissue leukocytes analyzed ex vivo is likely to reflect a transfer from MTS-15 ϩ structures because the intensity of staining correlated with the proximity of these cells to areas of high Ag expression. The absence of MTS-15 reactivity on peripheral blood leukocytes suggests the Ag is shed or internalized when they exit organs. Further study into the nature of Forssman Ag shedding (vesicles, micelles, or monomers) should reveal more about its incorporation into other cells.
In the thymus, subsets of fibroblasts and endothelial cells express Forssman Ag. The presence of a PDGFRa ϩ MTS-15 Ϫ mesenchymal population suggests there is another significant population of fibroblasts in the adult thymus; however, these cells require further characterization. Phenotypic analyses indicated that MTS-15 represents a useful surface marker for subcapsular, perivascular, and perhaps "cortical" thymic fibroblasts, especially when combined with CD31 to allow discrimination from MTS-15 ϩ endothelial cells. Thymic MTS-15 expression was not detectable before E15, indicating that these fibroblasts are unlikely to arise from a neural crest-derived mesenchyme because cells from this lineage are almost undetectable by E14.5 and beyond (49, 50) . The precise origin of this distinct, MTS-15 ϩ fibroblast population (and its relationship to the PDGFR␣ ϩ MTS-15 Ϫ population) awaits lineage tracing studies.
Given the localization of MTS-15 ϩ fibroblasts around the proposed sites of precursor entry and T cell exit, it was of interest to find they expressed a distinctive profile of important growth factors and chemokines as compared with other thymic and lung stromal cell types. The detection of mRNA for CXCL12 in MTS-15 ϩ fibroblasts and cTECs is consistent with the distribution found by in situ hybridization (32) and corresponds with human and mouse protein distribution (33, 34) . Likewise, CCL19 and CCL21 transcription by mTECs supports previous data (34, 35) , and we extend upon this to show that MTS-15 ϩ fibroblasts also express these chemokines. This chemokine expression profile suggests that MTS-15 ϩ subcapsular fibroblasts are important for the outward migration of TN thymocytes through the cortex toward the capsule. In addition, MTS-15 ϩ pericytes may have a role in attracting positively selected double positive thymocytes back toward the medulla or possibly the movement of thymocyte progenitors into the thymus (36) .
MTS-15 ϩ pericytes are also situated to have a role in early thymocyte proliferation. Thymocyte precursors enter the postnatal thymus through the large blood vessels at the corticomedullary junction (37); therefore, one of the first stromal cell types they are likely to encounter are MTS-15 ϩ fibroblasts. In the present study we found that these cells express high levels of SCF transcript, a cytokine important for the proliferation of TN1 and TN2 thymocytes (38) . We also found that MTS-15 ϩ fibroblasts express low levels of IL-7 (39); however, the higher cTEC production of this cytokine is likely to be of more importance to TN2 and TN3 proliferation, as these thymocytes traverse the cortex in contact with these cTECs (40) . Likewise, the IL-7-dependent proliferation of positively selected thymocytes (41) is likely to rely on the production of this cytokine by cTECs and/or MHC II low mTECs. We also found that that MTS-15 ϩ fibroblasts are major stromal cell sources of FGF-1, FGF-7, and FGF-10, although whether they are unique in this regard awaits further characterization of the PDGFR␣ ϩ MTS-15 Ϫ population. These growth factors bind the receptor FGFR2IIIb expressed by TEC to induce their proliferation (7), and FGF-7 administration can enhance regeneration of the postnatal thymus following chemotherapy, irradiation, or graft-vshost disease (42) (43) (44) . The increased production of FGF-7 and FGF-10 by MTS-15 ϩ fibroblasts following cyclophosphamide treatment found here is consistent with recent data showing that stromal-derived FGF-7 is essential for rapid thymic regeneration (8) . Although single positive thymocytes also produce this cytokine (42), fibroblast-derived FGF-7 may have greater access to extracellular matrix components (such as heparan sulfate and dermatan sulfate) and, therefore, enhanced bioactivity for TEC (45) . The gap of 4 days between increased FGF-7 and FGF-10 transcription and TEC expansion likely reflects the time required to produce and secrete the proteins and for sufficient TEC proliferation to exhibit increased numbers by day 7.
The large increase in IL-6 transcripts in both fibroblasts and TECs suggests this is an important stromal growth factor during thymic recovery from injury. Indeed, previous studies have indicated IL-6 is an autocrine proliferative factor for TECs (25) , supported here by the overlapping expression profiles of IL-6 and IL-6R on fibroblast and TEC subsets. A role for IL-6 in thymic atrophy and regeneration has previously been implied by studies of mice rendered deficient in STAT-3 (a transducer of, among other factors, IL-6 signaling) in TEC, which showed increased susceptibility to thymic atrophy (46) . However, systemic administration of high levels of IL-6 (and other gp130 family members) caused thymic atrophy in mice (47), perhaps indicating that the level and context of IL-6 production is important. Further studies are warranted to define the precise role of this cytokine in the thymic regeneration.
The limited transcription profile studied here indicated that MTS-15 ϩ fibroblasts in the thymus appear to be similar to those of lung fibroblasts, excepting higher levels of CCL19, CCL21, IL-7, and FGF-1 in the thymus. Although there are many molecules common to the mesenchyme from different tissues, thymic MTS-15 ϩ fibroblasts seem to have developed a unique profile to support the requirements of both epithelial cells and developing thymocytes. The definition of MTS-15 as a specific marker of thymic fibroblasts will allow more precise evaluation of the role of this "third player" (alongside TEC and thymocytes) in thymic function.
